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Nanometer scale ultra-thin silicon ﬁlms were investigated by using ﬁrst principles calculation method in
thickness upto 36 layers with three different constraint conditions of atoms and cells. The deformations
of atoms in the ﬁlm, accompanied by the dimer formations at both surfaces, were evaluated by the total
energies, and were compared among their constraint conditions. The models with the free constraint con-
ditions of atoms and cells had the highest energy gains due to the dimer formation. This trend was clear
when the number of layers was equal to or less than 20. This is because the cells are free and can absorb
the deviations of surface atoms in dimers by the deformation of internal atoms from the bulk positions,
and these deviations propagate into the internal atoms. As a result, the deformations happened in the
entire cell, which showed tilting of the z-axis. This means the models with no constrained atoms and cells
exhibit an interaction between dimers on both surfaces intermediated by the atoms inside the ﬁlms. The
amount of deviation of this type of model was the largest among the models studied in this work. How-
ever, the differences in the energy gains among the three types of models were lower than 0.025 eV when
the number of layers was equal to or larger than 24.
 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction heart of the FinFETs is a ‘‘Fin’’-shaped Si thin ﬁlm of nanometer-Atoms at the surface of various semiconductor crystals are
unstable at the corresponding positions in the bulk and generally
reconstruct their positions. In silicon (Si) crystals, the atoms at
the (100) surface are known to form asymmetric dimer structures
to become stable by reducing dangling bonds. In this surface recon-
struction, the electrons occupy the lower surface bands derived
from the lower symmetry of the dimer structure. On the other
hand, nanometer-scale ultra-thin Si ﬁlms are now being applied
to the structures of next-generation electronic devices [1] as well
as their starting materials. Silicon-on-insulator (SOI) wafers are a
candidate starting material and have an amorphous SiO2 layer as
a base for silicon (Si) thin ﬁlm [2–7], while Si ﬁlms with silicon-
on-nothing (SON) structures have nothing beneath them [8]. The
ﬂexibility of Si atoms located at the ﬁlm/base interface of SOI wa-
fers is restricted by their bonds with the base atoms. In contrast, Si
atoms located at the free top surfaces of the Si ﬁlm can easily form
dimer structures such as those of a bulk surface, and the Si atoms
just beneath the surface are expected to adjust to the deviations of
the top surface atoms forming dimer structures. SOI wafers with a
top Si ﬁlm around 5 nm thick were expected to be used in elec-
tronic devices at one time [9]. The surface effect is expected to be-
come relatively large as the top Si ﬁlm in SOI wafers and SON
structures become thinner in thickness. Meanwhile, FinFETs are
promising structures for next-generation electrical devices. Thea).
-NC-ND license.scale thickness [10].
Recent improvements in computer performance have been so
signiﬁcant that they are enabling rapid progress to be made in sci-
entiﬁc simulations. This trend seems to correspond with a plan
that nano-materials should be calculated as it is in sizes in the
modeling. From this viewpoint, we investigated the impact of a di-
mer structure formed at the surface of Si ﬁlms and the depth to
which its inﬂuence can reach, based on calculations done using ac-
tual scales of SOI models and conventional plate models with var-
ious layers [11]. These considerably thick conventional plate
models, in which atoms at the center of the ﬁlm were constrained,
with dimer structures on both surface sides were also used in cal-
culations done applying geometry optimization to determine the
essential characteristics of the (100) surface of Si bulk crystals [12].
This paper studies in detail the modeling of Si ﬁlms with dimer
structures at the surface by using both the conventional plate mod-
els and two new additional plate type models with different con-
straint conditions for atoms and cells. To extract the nature of
nanometer-scale ultra-thin ﬁlms with two dimer surfaces, these
three plate models with various layers were calculated. Their total
energies are compared with models of as-is thickness up to 36 lay-
ers (5.6 nm in thickness).
2. Simulation details
Fig. 1 shows examples of a plate model that has two atoms per
Layer (2a/L) in the unit cell. There are three constraint conditions:
(a) atoms at the center of the ﬁlm were constrained and cell size
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constrained, but cell size was ﬁxed; and (c) no atoms were con-
strained and the cell size was free, i.e., not ﬁxed, during geometri-
cal optimizations. All Si atoms in each model except for the surface
Si atoms in Fig. 1 were initially set in the optimized bulk position.
The two Si atoms at the surface in these models were set at initial
positions with a deviation of 0.5 Å from the bulk position along the
opposite z- and x-directions. The models in Fig. 1(c) are considered
to correspond to free ﬁlms from substrates, existing in a free space.
One candidate structure that corresponds to a real structure for
Fig. 1(c) is a ‘‘Fin’’ in FinFETs, where most of the surface area is
not ﬁxed to the substrate (Only one side of the ﬁlm that has a small
contacting area with the substrate and most atoms in the ﬁlm and
outer shape of the ﬁlm are free from the substrate). If we can ven-
ture to say, Fig. 1(b) seems to be similar to a SON structure, two or
three sides of which are ﬁxed to the substrate while the two main
surfaces and atoms near the surface are free. Fig. 1(a) is a conven-
tional plate model, which was considered to be most similar to a
SON structure and compared with the SOI models in our previous
work as mentioned above [12]. This was also used to calculate sur-
faces of Si bulk crystals [1]. However, to our knowledge, it is impos-
sible to ﬁx the positions of the internal atoms indicated by arrows
in the ﬁlm shown in Fig. 1(a) with existing technology and this for-
mation indeed does not correspond to any real structures, includ-
ing the SON structures, as they are in sizes.
In this study, we calculated various layer models as depicted in
Fig. 1, which can describe only a 2  1 asymmetric dimer structure.
Although c(4  2) and p(2  2) structures are well known in the lit-
erature [1] and have longer-range periodicity, they correspond to
the same structure as the asymmetric dimer in the short-range
viewport used in this study. The purpose of using the 2a/L model
in this study was to investigate the behavior of atoms below the di-
mer structure surface. The calculation models were limited to a
2  1 supercell because one of our targets in this study is to inves-Fig. 1. Plate models of Si ﬁlms with 16 atom-layers, with two atoms per Layer (2a/L) in
atoms pairs are indicated by dot circles in cross-sectional views. Three constraint conditio
were constrained and cell size was ﬁxed; (b) no atoms were constrained, but cell size was
(d) plate model of 16 atom-layer Si ﬁlm with ideal Si surfaces in which all atoms are ‘‘jus
cell parameters of (c)-type model, such as; x-directional cell sizes (‘‘LX’’) and the angle btigate the effects of constraining a cell and atoms used as a tech-
nique in many calculations in the literature. In the calculation,
movement of all atoms in the y-direction in Fig. 1(a) and (b) was
prevented in the geometry optimization since movement in the
y-direction was far from the target. Fig. 1(d) shows another type
of model of a Si ﬁlm with ideal Si surfaces in which all atoms are
‘‘as-cleaved’’ without any deformations and positioned at the bulk
positions.
The number of layers (2 N) calculated were 8, 12, 16, 20, 24, 28,
32, and 36 in the models shown in Figs. 1 and 2. The model size (N)
in this study is deﬁned as half the number of layers in the whole
model that has point symmetry between the front side and back
side. In the models shown in Figs. 1 and 2, a vacuum slab 10 Å in
thickness was attached to the ﬁlm structures to eliminate the
interaction between the ﬁlms in image cells in the z-direction.
The calculations were based on the local density approximation
[13,14] using the ultrasoft pseudopotential method [15] and the
plane waves as a basis set for efﬁcient structure optimization.
The expression proposed by Hammer et al. [16] was used for the
exchange–correlation energy in the generalized gradient approxi-
mation (GGA). The CASTEP code was used to solve the Kohn–Sham
equation self-consistently with the three-dimensional periodic
boundary condition [17]. The density mixing method [18] and
BFGS geometry optimization method [19] were used to optimize
the electronic structure and atomic conﬁgurations, respectively.
The cutoff energy of the plane waves was increased to 350 eV,
and k-point sampling was also performed at increased 4  7  1
special points of the Monkhorst–Pack grid [20] from the previous
study [11] to improve the precisions. The convergence in energy
was well veriﬁed using this k-points sampling. The convergence
condition of the electronic structure optimization was set at a total
energy change smaller than 5  107 eV/atom. The convergence
conditions of the geometry optimization were set at a total energy
change smaller than 5  106 eV/atom, an atomic displacementthe unit cell with asymmetric dimer structures and without dimer structure. Dimer
ns were applied during geometrical optimization: (a) atoms at the center of the ﬁlm
ﬁxed; (c) no atoms were constrained and cell size was free. As a reference for (a)–(c),
t as cleaved’’ without any deformations and are positioned at the bulk positions. The
etween the x-axis and z-axis (‘‘beta’’) are shown.
Fig. 2. Dependences of average total energy of Fig. 1-type models shown in and
Fig. 2 by the number of layers on the model size.
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and stress in the cell smaller than 0.02 GPa. Only the neutral charge
state of the systems was considered in this study. The calculations
were performed for the system at a temperature of absolute zero.3. Results & discussion
Fig. 2 plots the dependences of the average total energies by the
number of layers (2 N) on the model size (N). These energies of all
the models decrease as the sizes of the models increase. Regarding
the models with no dimer structure (Fig. 1(d)-type models), this
decrease means that the ratio of higher energy parts at surfaces
that include dangling bonds relatively decreases as the sizes of
the models increase and is not so important. What is more impor-
tant in Fig. 2 is the decreases of the average total energies of all the
models by the formation of dimers from the Fig. 1(d)-type model.
In this study, the cell sizes of models increase as the thicknesses in-
crease. This caused an error in the self-energies of a Si atom of the
magnitude less than around 0.05 eV [11,21]. Considering this error,
the energy gains to form dimers from the Fig. 1(d)-type model in
each thickness are discussed as follows.
This energy gain dependence on the model size is plotted in
Fig. 3, and the gains are in the range of 1.50–1.62 eV per dimer
(The same dimer exists at the back surface too.). Basically, the en-
ergy gains of the Fig. 1(c)-type are highest, and this trend is clear
when the number of layers is equal to or less than ten. This is be-
cause the cells are free and can absorb the deviations of surface
atoms in dimers by the deformation of internal atoms from the
bulk positions, and these deviations propagate into the internal
atoms. As a result, the deformations happened in the entire cell,Fig. 3. Energy gains of Fig. 1-type models to form dimer structure from Fig. 2-type
model.which showed tilting of the z-axis. The tilting will be discussed la-
ter. The Fig. 1(b)-type models showed the next highest energy
gains, however, the differences of the energy gains among the
three type models were lower than 0.025 eV when the number of
layers was equal to or larger than 24. These differences are lower
than the errors in the self-energies of a Si atom in Si ﬁlms as men-
tioned above.
We calculate the amount of deviation of atoms in the 1st–5th
layers from the bulk positions and show their x- and z-component
dependences on the number of layers in Fig. 4(a) and (b), respec-
tively. Here, the amount of deviation was estimated with square
root values of the square sums of the deviation. The amount of
deviation of the Fig. 1(c)-type models was the largest among the
three types of models. This is most likely related to the tilting of
the z-axis in these models as mentioned above. In addition, the
amount of deviation seems to be constant regardless of the number
of layers in each type of model except for the z-component in the
Fig. 1(c)-type models. This should be reasonable because the
amount of deviation of the atoms in the 1st–5th layers always in-
cludes the deviations of surface dimer atoms (the atoms with the
greatest deviation among all layers).
We also calculated the amounts of deviation of all atoms deeper
than the 5th layer, and we show their x- and z-component depen-
dences on the number of layers in Fig. 5(a) and (b), respectively.
The amount of deviation in the Fig. 1(c)-type models was largest
among the three types of models, the same as in Fig. 4. This also
must be related to the tilting of the z-axis in these models. They
had saturating trends when the number of layers increased. This
saturation is remarkably slow compared to the energy gain be-
cause energy always converges faster than the structure not only
during iterations of the geometry-optimizations in each model
but also in increasing the number of layers. In contrast, the amount
of deviation of the Fig. 1(a) and (b)-type models deeper than the
5th layer was nearly zero. The results for the Fig. 1(a) and (b)-type
models are similar in Figs. 2–5. This is because the cells were con-Fig. 4. Dependences of amount of deviation of atoms in 1st–5th layers from the
bulk positions on the model size: (a) x-component and (b) z-component. The
amounts are estimated with square root values of square sums of the deviation.
Fig. 5. Dependences of amount of deviation of all atoms deeper than the 5th layer
from the bulk positions on the model size: (a) x-component and (b) z-component.
The amounts are estimated with square root values of square sums of the deviation.
Fig. 6. Optimized x-directional cell sizes on reciprocals of the model size. 1/N = 0 is
the size corresponding to a bulk and shows +/0.1% error range of a bulk value at 1/
N = 0.
Fig. 7. Optimized angle dependences between x-axis and z-axis on reciprocals of
the model size.
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axis.
In the geometry optimization, the cell of the Fig. 1(c)-type mod-
el was free and was summarized from the forces between all atoms
in the cell in each step. The cell parameters, shown in Fig. 1(c); x-
directional cell sizes (‘‘LX’’) and the angle between the x-axis and z-
axis (‘‘beta’’) are extracted from the optimized models, and their
dependences on reciprocals of the model size (1/N) are shown in
Figs. 6 and 7, respectively. Values sketching in function of 1/N like
Figs. 6 and 7 are convenient for expecting the value when N is inﬁ-
nite. 1/N = 0 is the size corresponding to a bulk, and a + / 0.1% er-
ror range of a bulk value is shown at 1/N = 0 in Fig. 6. It is
interesting that these calculated values seem to converge with
the value of a bulk in Fig. 6 and with the most appropriate bulk va-
lue (90) in Fig. 7. These results mean that ‘‘plate-shaped’’ Si ﬁlm
models having two surfaces with dimer atoms deviating in oppo-site directions between the front and back surfaces, such as in
Fig. 1, will exhibit a distortion of the cell that is tilted by the forma-
tion of the dimer atoms. Interestingly, X-ray topographs of the Si
ﬁlm layer of a SOI wafer have shown that the z-axis of the Si ﬁlm
tilts toward that of the Si substrate and the tilting angles vary in
the planes of the Si ﬁlm of SOI wafers [22]. The actual Si ﬁlms
are usually much affected by the stress from the base substrates
and the stress also causes the tilting. However, the starting points
of the tilting are expected to be the surfaces of the Si ﬁlm because
spatial intervals of the lattice plane of the undulated Si ﬁlm de-
creases when the thickness of the Si ﬁlm becomes thinner. The
ﬂuctuations shown in Figs. 6 and 7 with N = 12 and 14 must be re-
lated to the relatively smaller gains shown in Fig. 3. However, the
mechanism for this is unclear.
In the case of a Si bulk crystal, ﬂip-ﬂop motions between two
energy-equivalent buckling structures at a surface are well known
in the literature [23]. These motions seem to be independent in
each surface, and no interaction occurs between the two surfaces
facing opposite sides in the case of a plate-shaped bulk crystal
(e.g., silicon wafers of millimeter-scale thickness). In an actual thin
ﬁlm, alignment in the deformation directions of dimers from the
bulk positions between front and back surfaces as in Fig. 1(a)–(c)
occurs only when the number of layers of a ﬁlm is equal to multi-
ples of four. It is also difﬁcult to deﬁne the number of layers of a
real ﬁlm with non-uniform thickness. Nevertheless, it should be
noted that it is possible for atoms at both surfaces of ultra-thin
ﬁlms of nanometer-scale thickness in a free space to have an inter-
action intermediated by the atoms inside the ﬁlms. c(4  2) and
p(2  2) are well-known as stable structures in a bulk, neverthe-
less, this interaction between two surfaces, seen in Fig. 1(c)-type
models, may cause the ground state in ultra-thin Si ﬁlms which
will be widely used in Fin-FET in future.4. Conclusions
Modeling of nanometer scale ultra-thin Si ﬁlms with dimer
structures at the surface was studied in detail using both conven-
tional plate models and two additional plate type models with dif-
ferent constraint conditions for atoms and cells. The models with
the free constraint conditions of atoms and cells had the highest
energy gains from the dimer formation. This trend is clear when
the number of layers is equal to or smaller than 20. This is because
the cells are free and can absorb the deviations of surface atoms in
dimers by the deformation of internal atoms from the bulk posi-
tions, and these deviations propagate into the internal atoms. As
a result, the deformations happened in the entire cell, which
showed tilting of the z-axis. However, the differences in the energy
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when the number of layers was equal to or larger than 24. The
amount of deviation of this type of model is largest among the
three types of models. This is also most likely related to the tilting.
They also exhibited a saturating trend when the number of layers
increased.
The models that had unconstrained atoms and cells with dimer
atoms deviating in opposite directions between the front and back
surfaces exhibited distortion of the cell, which was tilted by the
formation of dimers. It should be possible for atoms at both sur-
faces of real ultra-thin ﬁlms in a free space to interact intermedi-
ated by the atoms inside the ﬁlms. This interaction may cause
new ground states in an ultra-thin Si ﬁlms.
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